baroreflex coupling strength from SBP to RR during headup tilt, an insensitivity of the coupling strength along the non-baroreflex direction to both stressors, and no significant effect of mental arithmetics on the feedback coupling strength. It indicates that the proportion of causal interactions between SBP and RR significantly varies during different conditions. The increase in the coupling from SBP to RR with tilt was not accompanied by concomitant variations of the transfer function gain, suggesting that causality and gain analyses are complementary and assess different aspects of the baroreflex regulation of heart rate.
Introduction
Of the cardiovascular control mechanisms related to the autonomic nervous system, baroreflex is the principal reflex mechanism involved in the blood pressure (BP) andconsequently-blood flow regulation [7] . Its sensitivity is regarded as an important diagnostic and prognostic marker of cardiovascular neural control [19, 29] . Besides the sensitivity of the baroreflex, another important concept is the cardiovascular coupling, intended as the strength of the interaction between the oscillatory activity of BP and heart rate (or its reciprocal value-pulse interval or RR interval from ECG), which is commonly evaluated as a measure of how much the baroreflex is involved in generating the variability of HR [12, 32] . Sensitivity and coupling of the baroreflex are usually measured from spontaneous oscillations of systolic BP (SBP) and RR assuming the unidirectional influence from SBP to RR-the SBP drop is sensed by high-pressure baroreceptors and the response Abstract Baroreflex function is usually assessed from spontaneous oscillations of blood pressure (BP) and cardiac RR interval assuming a unidirectional influence from BP to RR. However, the interaction of BP and RR is bidirectional-RR also influences BP. Novel methods based on the concept of Granger causality were recently developed for separate analysis of feedback (baroreflex) and feedforward (mechanical) interactions between RR and BP. We aimed at assessing the proportion of the two causal directions of the interactions between RR and systolic BP (SBP) oscillations during various conditions, and at comparing causality measures from SBP to RR with baroreflex gain indexes. Arterial BP and ECG signals were noninvasively recorded in 16 young healthy volunteers during supine rest, mental arithmetics, and head-up tilt test, as well as during the combined administration of these stressors. The causal interactions between beat-to-beat RR and SBP signals were analyzed in time, frequency, and information domains. The baroreflex gain was assessed in the frequency domain using non-causal and causal measures of the transfer function from SBP to RR. We found a consistent increase in the includes an increased heart rate (shorter RR interval) predominantly mediated by parasympathetic withdrawal [7, 19] . However, in reality, the interaction between SBP and RR is bidirectional-RR also influences SBP by changes in diastolic heart filling (via Frank-Starling mechanism) and by Windkessel effect (runoff phenomenon) [3, 32, 38] . This closed-loop interaction between SBP and RR makes the most classical methodologies for time series analysis, like the measures of linear coupling assessed in time or frequency domains through the cross-correlation or coherence functions, or the nonlinear coupling assessed through the mutual information, inappropriate for the detection of the baroreflex coupling. The problem with these techniques is that they neglect the feedforward mechanical effect of RR on SBP while attempting to assess the feedback baroreflex effect from SBP to RR. As a result, traditional approaches perform in practice an open-loop description of the cardiovascular closed loop, mixing together the interactions occurring along the two pathways of this loop [2, 12, 32] .
This methodological problem has been addressed through a long course of studies designed to elicit causal interactions along the baroreflex separately from interactions occurring along the opposite feedforward direction [1, 2, 4, 33, 37] . A line of research in this direction has been devoted to develop specific closed-loop models descriptive of the cardiovascular interactions, and then estimate measures of baroreflex sensitivity or coupling from the model parameters pertaining to the branch of the model descriptive of the effects from SBP to RR [1, 3, 5, 25] . Another popular way to face the problem, yet initiated more recently, is that implementing the ubiquitous data-driven concept of Wiener-Granger causality [16, 42] , developed in this context to perform separate analysis of feedback and feedforward cardiovascular interactions [12, 32] . The concept of Wiener-Granger causality complements the approaches traditionally followed to study feedback systems through linear or nonlinear system theory methods [21] and has been implemented in different analysis domains, including time domain, frequency domain, and information-theoretic approaches [34] .
In spite of the advancement of these new techniques for the assessment of causality, a comparison of their methodological and interpretational ability to describe complex cardiovascular interactions has not been performed to date. In addition, the information on the relative contribution of both causal directions in bidirectional RR-SBP interactions during various conditions influencing the activity of the autonomic nervous system is still very limited. To fill these gaps, the aim of our study was to analyze the changes in contribution of both causal directions of interactions between RR intervals and systolic blood pressure (SBP) oscillations associated with an application of two different stressors, i.e., orthostatic stimulation and mental stress, as well as their simultaneous administration. We hypothesize that the changes in RR-SBP causal interactions evoked by different stressors will differ, and the simultaneous application of both stressors would evoke cumulative effects on the assessed measures. These effects are investigated in the present work performing a comparison among the most advanced time, frequency, and information domain techniques for the analysis of causality in physiological time series [8] [9] [10] [11] [13] [14] [15] [16] . Moreover, the differences between the concepts of causality and gain underlying the interaction from SBP to RR are explored through the comparison between frequency domain measures of causal coupling and baroreflex sensitivity (BRS).
Methods

Framework for causality analysis
This section introduces the framework for the analysis of causality between cardiovascular variability series performed in the time, frequency, and information domains. The analysis framework considered in this study is grounded on the notions of temporal precedence and prediction improvement which constitute the basis of the socalled Wiener-Granger causality [16, 42] . Wiener-Granger causality is designed to quantify if and how much the present sample of a given time series can be better described using the past samples of another series than using its own past samples only. In the context of cardiovascular variability analysis, we set a temporal reference frame in which n represents the present sample and investigate how the present samples of RR and SBP, denoted, respectively, as R n and S n , are related to their p past samples, denoted
T is the transpose operator). The analysis is performed in the time, frequency, and information domains as described in the following.
Time domain causality analysis provides a linear parametric representation of the present of each time series first based on its own past only (restricted regression):
and then based on both its own past and the past of the other series (unrestricted regression):
In Eqs. (1, 2) , Ã ,B, A, B, C, D are p-dimensional vectors of coefficients and Ũ n ,W n , U n , W n are the residuals of the
linear regression, also called "prediction errors" or "innovations." Causality is then assessed from the two regressions quantifying how much the predictability of one series is improved by the knowledge of the past of the other series compared with the predictability arising from its own past only. This is achieved relating the prediction error variances resulting from Eqs. (1) and (2) as follows [11, 16] where σ 2 denotes residual variance. The causality ratio C S→R ranges from 0, measured when S n p does not bring any improvement to the prediction of R n based on R n p , to 1, measured when the utilization of S n p in addition to R n p leads to perfect prediction of R n (the same holds for C R→S inverting the role of the two series).
The frequency domain analysis of causality is based on providing a spectral representation of the linear relations between the two series and then extracting frequencyspecific information about the directional interactions [8] . First, Eq. (2) is expressed in compact representation as M k e −j2πfk ) −1 is the transfer function matrix which contains the transfer functions from SBP to RR and from RR to SBP, H RS (f) and H SR (f), as off-diagonal elements (I is the 2 × 2 identity matrix). The transfer matrix can be exploited to derive the spectral matrix S(f) = H(f)ƩH*(f), where Ʃ is the covariance matrix of U n and * stands for Hermitian transpose, which contains the power spectra of R n and S n , P R (f) and P S (f), as diagonal elements, and the cross-spectra P RS (f) and P SR (f) = P* RS (f), as off-diagonal elements. The elements of the spectral and transfer matrices are then combined to quantify in the frequency domain the coupling between SBP and RR by means of the coherence function
, as well as the directional coupling from SBP to RR and from RR to SBP by means of the causal coherence functions [8, 10] :
The causal coherence K S→R (f) ranges from 0, measured when no power of RR at the frequency f is due to SBP, to 1, when the whole power of RR at the frequency f is due to SBP (the same holds for K R→S (f) inverting the role of the two series).
In the information domain, causality is assessed exploiting the concepts of entropy and conditional entropy [15] . The entropy of a given series measures the information carried by the series intended as the average uncertainty about its values; for the RR series, it is expressed as H R = H(R n ) = −∑ p(R n ) · log p(R n ), where p(R n ) is the probability associated with the value R n and the sum extends to all values with nonzero probability. Then, the conditional entropy of R n given R n
, quantifies the average uncertainty that remains about the present value of RR when its past p values are known; similarly, the conditional entropy
) quantifies the residual uncertainty about the present RR when both its past values and the past SBP values are known. The conditional entropies are combined to evaluate the causal information transfer from SBP to RR and from RR to SBP as [13] :
The information transfer I S→R ranges from 0, measured when S n p does not resolve more uncertainty about R n than that resolved by R n p , to 1, measured when the utilization of S n p in addition to R n p fully resolves the uncertainty about R n (the same holds for I R→S inverting the role of the two series). In this study, conditional entropies were computed according to the procedure for non-uniform embedding described in [9, 14] , which aims at extracting from S n p and R n p the samples which are more relevant to the description of R n or S n , in a way such that the entropy estimation bias is limited as much as possible through the reduction in the dimension of the vectors actually used to calculate entropies. Entropies were computed through the histogram estimator that is based on coarse-graining the time series using Q quantization levels and approximating the probabilities with the frequency of occurrence of the quantized values.
Baroreflex sensitivity analysis
The frequency domain representation of the parametric model (2) can be exploited to provide spectral estimates of the gain from SBP to RR, which is a common measure of the baroreflex sensitivity (BRS) [10, 28, 35] . According to the so-called transfer function BRS method [35] devised in the classical framework of linear system theory, a spectral estimate of the BRS is taken as the gain of the transfer function from SBP to RR:
is the portion of the RR spectrum P R (f) that is shared with SBP. This classical measure
of the BRS provides a non-causal estimate that correctly quantifies the transfer function only when SBP and RR interact in an open loop. A more specific BRS measure that accounts for the fact that SBP and RR may interact in a closed loop is the so-called gamma BRS defined as [10] where
is the portion of the RR spectrum P R (f) that is causally due to SBP. The BRS measure (6) provides a causal estimate that focuses on the transfer function along the pathway from SBP to RR in the possible presence of significant interactions along the opposite pathway from RR to SBP.
Subjects, protocol, and data analysis
We have noninvasively recorded blood pressure (Finometer Pro, FMS, Netherlands) and ECG (horizontal bipolar thoracic lead; CardioFax ECG-9620, NihonKohden, Japan) signals in 16 healthy volunteers [7f/9m; age 20.5 (20.1-21.1) years] during a protocol consisting of four phases of 12-min duration each. After Phase 1 when the subject was resting quietly in supine position (REST), the mental stress evoked by mental arithmetics (MA) task in supine position was administered (Phase 2, MA). Mental arithmetics task consisted of repeatedly displaying a random 3-digit number on a computer screen, and the task consisted in summing up the three digits; if the result was a two-digit number, these digits were summed up again to get a final 1-digit result. As a final step, the subject had to decide if the result was odd or even and click on the appropriate box on the screen without notification by computer if the answer was correct. The subjects were asked to perform the task as rapidly and as precisely as possible without any verbalization. In Phase 3, subjects were tilted to 45 degrees on the motor-driven tilt table to evoke mild orthostatic stress (Phase 3, HUT). This phase was followed by addition of mental arithmetics in the tilted position (Phase 4; HUT + MA). The research was performed in accordance with Helsinki Declaration, and the study was approved by the Ethics Committee of Jessenius Faculty of Medicine, Comenius University. All participants gave their written informed consent prior to the examination.
The beat-to-beat time series of RR intervals and SBP were measured, respectively, from the ECG signal as the time interval between consecutive detected R waves and from the noninvasively recorded continuous BP signal as the maximum value measured inside each detected RR interval. For each phase of the protocol, we considered RR and SBP sequences of 500 beats measured starting
60 s after phase change to avoid transient changes. Each time series was cleaned up from artifacts, detrended to fulfill stationarity criteria, and reduced to zero mean prior to causality analysis. Then, causality analysis was performed according to the three approaches described in the previous subsection. In the time and frequency domain analysis, the linear regression models were identified using the standard vector least squares method, and the maximum lag p used for representing the past of each time series was selected according to the Akaike information criterion applied to the bivariate time series of RR and SBP [8] . Then, model validation was performed checking the temporal uncorrelation of the model residuals through the Ljung-Box portmanteau test for whiteness [23] . Frequency domain analysis was confined to the low-frequency band (LF, 0.04-0.15 Hz) to minimize the effects of other possibly confounding variables, like respiration, on the assessment of causality between RR and SBP. The values of causal coherence were taken as the average values of K S→R (f) and K R→S (f) inside the LF band. Similarly, the sensitivity of the baroreflex was estimated averaging the gain functions BRS TF (f) and BRS γ (f) within the LF range. In the information domain analysis, the maximum lag p was set to 10 and the number of samples actually used resulted from the non-uniform embedding procedure [9] , while entropy estimation was performed using Q = 8 levels to quantize the time series values. Due to the possibly non-Gaussian distribution of the measured indexes, the statistical significance of the changes across the four experimental conditions was assessed by means of the Friedman test-a nonparametric ANOVA, followed by the Wilcoxon signed-rank test for paired data as post hoc comparison between pairs of distributions. Correction for multiple comparisons in the post hoc tests was performed according to the Tukey-Kramer honestly significant difference criterion. The Wilcoxon signed-rank test for paired data was used also to perform comparisons between the distributions of each causality index assessed for the two causal directions (SBP → RR vs. RR → SBP). A P value <0.05 was considered as statistically significant. Figure 1 reports an example of the SBP and RR time series measured for a representative subject in the four considered conditions. The mean RR interval decreased progressively during the experiment, going from 777 ms at REST to 738 ms during MA, 677 ms during HUT and 611 ms during MA + HUT. The variability of the heart period measured as the SD of the RR series did not change substantially (REST: 41. 
Results
Time domain indexes
Considering the mean RR and mean SBP responses (Table 1) to the adopted experimental protocol, HUT evoked similar heart rate and blood pressure changes (Δ values) as MA (MA effect-change from REST to MA: ΔRR = −85 (−130 to −38) ms, ΔSBP = +10 (7-16) mmHg; HUT effect-change from REST to HUT: ΔRR = −92 (−114 to −33) ms, ΔSBP = +4 (1-16) mmHg; for ΔRR: P = 0.826, for ΔSBP: P = 0.233). Mean RR further decreased and mean SBP significantly increased from HUT to HUT + MA (P = 0.001 for mean RR, P = 0.003 for mean SBP).
While no significant change in overall RR intervals variability expressed as standard deviation of normal RR intervals (SDNN) was found during study protocol (Friedman test, P = 0.113), overall variability of beat-to-beat SBP values (SDSBP) significantly changed during protocol (Friedman test, P < 0.001). In details, compared to supine rest, the overall SBP variability measured by SDSBP decreased The order of the bivariate regression model used for linear causality and gain analysis, set through the Akaike criterion, was 9.7 ± 4.9 during REST, 7.2 ± 2.8 during MA, 7.8 ± 4.5 during HUT, and 7.2 ± 1.8 during HUT + MA (mean ± SD over subjects); the distribution of the order values did not change significantly across conditions (Friedman test, P = 0.359). The null hypothesis of joint uncorrelation of the model residuals, checked by the Ljung-Box whiteness test, was not rejected in 15,13,13, and 15 subjects, respectively, during REST, MA, HUT, and HUT + MA, indicating that the model structure was accurate in the large majority of the analyzed time series.
Causality analysis
Figures 2, 3, and 4 report the results of causality analysis performed, respectively, in the time, frequency, and information domains. All values are presented as distribution over subjects of the causal coupling evaluated along the two directions of interaction between SBP and RR, depicted as median, interquartile range (box) and 10th-90th percentiles (whiskers). In each figure, the detection of statistically significant changes between two conditions is accompanied by the number of subjects for which the change was noticed.
As shown in Fig. 2 , the computation of the causality ratio in the time domain documented that, while the causal coupling did not change significantly across the four experimental conditions when computed along the feedforward direction from RR to SBP (Friedman test, P = 0.535), the causal coupling computed along the feedback direction from SBP to RR increased significantly when the subjects moved to the upright position (P < 0.01, MA vs. HUT, increase in 13 subjects; P < 0.01 MA vs. HUT + MA, increase in 14 subjects). We have not observed any significant change in time domain causality indices when MA was added to HUT (HUT vs. HUT + MA). Comparing 2 Results of causality analysis in the time domain. The box plot depicts the distribution over subjects of the causality ratio computed for the feedback direction from SBP to RR (C S→R ) and for the feedforward direction from RR to SBP (C R→S ) with subjects resting in the supine position (REST), performing mental arithmetics (MA), tilted in the head-up position (HUT), and performing mental arithmetics while standing in the head-up position (MA + HUT). # P < 0.05 between conditions (Friedman test + post hoc comparison; numbers indicate how many subjects displayed variations concordant with the detected trend), *P < 0.05 C S→R versus C R→S Fig. 3 Results of causality analysis in the frequency domain. The box plot depicts the distribution over subjects of the causal coherence computed in the low-frequency band for the feedback direction from SBP to RR (K S→R ) and for the feedforward direction from RR to SBP (K R→S ) with subjects resting in the supine position (REST), performing mental arithmetics (MA), tilted in the head-up position (HUT), and performing mental arithmetics while standing in the head-up position (MA + HUT).
# P < 0.05 between conditions (Friedman test + post hoc comparison; numbers indicate how many subjects displayed variations concordant with the detected trend), *P < 0.05 K S→R versus K R→S feedback and feedforward interactions, we found that the causality ratio from RR to SBP was significantly higher than that from SBP to RR when the subjects were lying in the supine position (conditions REST and MA).
The results of causality analysis performed in the frequency domain are summarized in Fig. 3 . The transition from supine to upright led to an increase in the causal coherence from SBP to RR assessed in the LF band (P < 0.001 REST vs. HUT, increase in 16 subjects; P < 0.001 MA vs. HUT, increase in 14 subjects); the high values of the causal coherence were maintained while performing mental arithmetics in the upright position (P < 0.001 REST vs. HUT + MA, increase in 15 subjects; P < 0.001 MA vs. HUT + MA, increase in 16 subjects). On the contrary, the causal coherence from RR to SBP did not change significantly across conditions (ANOVA, P = 0.607). The comparison of causal coherence assessed along the two directions of interaction of the cardiovascular loop evidenced a prevalence of feedforward over feedback causal coherence during REST (P = 0.047), while the two causal coherences were balanced during MA (P = 0.125), HUT (P = 0.163), and HUT + MA (P = 0.532). Figure 4 reports the distributions of the causal information transfer assessed in the information domain. The analysis confirmed the absence of significant differences in the causal coupling from RR to SBP evaluated across conditions (ANOVA, P = 0.986), as well as the significant increase in the causal coupling from SBP to RR while moving from supine to upright (P < 0.05, MA vs. HUT and MA vs. HUT + MA, increase in 13 subjects). Noticeably, the information transfer from SBP to RR decreased significantly while performing mental arithmetics in the supine position (P < 0.05, REST vs. MA, decrease in 12 subjects). No significant differences were observed comparing the information transfer assessed over the two directions of interactions between RR and SBP. Figure 5 reports the distribution across subjects (median, interquartile range and 10th-90th percentiles) of the baroreflex gain estimated in the four conditions using the non-causal transfer function index, BRS TF , and the causal gamma index, BRS γ , averaged within the LF band of the frequency spectrum. The transfer function gain showed a tendency to decrease moving from the supine to the upright position (ANOVA, P = 0.004); the decrease was statistically significant during orthostatism (P < 0.01, REST vs. HUT, decrease in 13 subjects) and even more during the combined administration of the orthostatic and mental stressors (P < 0.005, REST vs. HUT + MA and MA vs. HUT + MA, decrease in 14 subjects). On the contrary, no significant differences of the causal gain estimate BRS γ were observed across the four conditions (ANOVA, P = 0.232).
Baroreflex gain
Discussion
The major findings of our study include: (1) the increase of coupling strength along the baroreflex feedback direction (from SBP to RR) during head-up tilt administration; (2) the insensitivity of coupling strength along the nonbaroreflex feedforward direction (from RR to SBP) to both orthostatic and mental stress stimuli; (3) no significant (or mild inhibitory) effects of MA on the feedback coupling Fig. 4 Results of causality analysis in the information domain. The box plot depicts the distribution over subjects of the information transfer computed for the feedback direction from SBP to RR (I S→R ) and for the feedforward direction from RR to SBP (I R→S ) with subjects resting in the supine position (REST), performing mental arithmetics (MA), tilted in the head-up position (HUT), and performing mental arithmetics while standing in the head-up position (MA + HUT).
# P < 0.05 between conditions (Friedman test + post hoc comparison; numbers indicate how many subjects displayed variations concordant with the detected trend) Fig. 5 Results of baroreflex sensitivity analysis in the frequency domain. The box plot depicts the distribution over subjects of the gain of the transfer function from SBP to RR computed in the LF band using the non-causal approach (BRS TF ) and the causal approach (BRS γ ) with subjects resting in the supine position (REST), performing mental arithmetics (MA), tilted in the head-up position (HUT), and performing mental arithmetics while standing in the head-up position (MA + HUT).
# P < 0.05 between conditions (Friedman test + post hoc comparison; numbers indicate how many subjects displayed variations concordant with the detected trend) strength; and (4) the different response to the orthostatic stress of measures of causal coupling and baroreflex sensitivity evaluated along the baroreflex direction.
Causality analysis of cardiovascular interactions during orthostatic and mental stress
The autonomic nervous system plays a central role in cardiovascular system adaptation to both mental stress [20] and orthostatic challenge [27] . Both conditions are accompanied by a decreased cardiac parasympathetic activity [6, 27] . While active or passive [head-up tilt (HUT)] orthostasis leads to baroreceptors unloading resulting in generalized sympathetic nervous system activation, the pattern of changes in the sympathetic nervous system activity during mental stress is more complex and interindividually variable, including, e.g., increased cardiac sympathetic nerves traffic, vasoconstriction in splanchnic region, vasodilation in the limbs, variable changes in muscle sympathetic nerve activity [18] . Our study demonstrated that-despite similar mean heart rate and blood pressure changes-orthostatic and mental stress challenges evoked markedly different effects on cardiovascular dynamics. It indicates that autonomic nervous system activity does not change in a same reciprocal manner during various challenges [27] . In accordance with [14] , we found that passive orthostasis (HUT) leads to an increased transfer of oscillations from SBP to RR intervals. This result points toward higher awareness of baroreflex control to react to blood pressure changes during baroreceptors unloading caused by orthostatic stress-related blood redistribution. This effect was revealed in all analysis domains, as the higher coupling strength from SBP to RR during HUT was documented using Granger causality, directed coherence, and information transfer. The effect is in accordance with findings from previous studies exploring causal SBP-RR interactions in frequency and information domains [14, 26] .
The mental stress was not accompanied by significant changes in the feedback coupling strength similar to those accompanying the orthostatic stress. Moreover, information domain analysis revealed a mild decrease in coupling from SBP to RR during the MA task. Such a decrease could be attributed to the higher importance of the upper brain centers for heart rate control during MA. This effect could be also related to nonlinear interaction mechanisms, since it was detected only applying the model-free analysis in the information domain. In contrast, during passive orthostasis, the baroreflex mechanism is significantly more involved in the control of heart rate as described above.
Although the tendency to increased coupling in SBP to RR direction during passive orthostasis compared to REST was consistently found in all causal coupling measures, the difference between HUT and REST phases was most significant for the frequency domain measure K S→R . This moderate difference between the results of three causal coupling methods could be attributed to the minimization of the confounding effect of the respiration on coupling indices enabled in the frequency domain. While time and information domain indices were potentially influenced by the respiration as the oscillator commonly acting on both SBP and RR oscillations, the frequency domain analysis was confined to the low-frequency band where the influence of the respiratory oscillator with the frequency in the high frequency (0.14-0.4 Hz) band should be markedly reduced. On the other hand, the model-free approach (in the information domain) should be preferred against analysis tools based on system linearity (time and frequency domain approaches) in physiological conditions characterized by significant nonlinear contributions to the cardiovascular control. As mentioned above, this may be the case for the MA protocol for which a statistically significant alteration of the baroreflex coupling was observed using the information-theoretic approach but not using time and frequency domain methods. This result is also consistent with previous observations of altered heart rate variability [24, 36] and altered cardiorespiratory coupling [41] during mental stress detected by measures sensitive to nonlinear dynamics.
Interestingly, no consistent changes in the feedforward causal coupling from RR to SBP were detected by any of the methods during whole experimental protocol, indicating that the mechanisms of these interactions are not markedly influenced by the state of the autonomic nervous system. The beat-to-beat changes in the duration of heart period are transferred to SBP, according to the mechanisms of feedforward coupling, at least as effectively as the changes from SBP to RR mediated by baroreflex (feedback coupling). Moreover, the strength of the feedforward relation is generally stable during orthostatic and mental stress. This indicates that the changes in blood pressure variability during any physiological or pathological state could be attributed to sympathetic blood vessel control provided that there is only a minimal change in the magnitude of heart rate variability. On the other hand, if heart rate variability is different between two states, blood pressure variability changes could be caused both by feedforward mechanism (transfer from RR to SBP) and/or sympathetic blood vessels control changes and should be thus interpreted with caution. Mostly in the supine position, the dominance of the feedforward interactions (from RR to SBP) hampers the application of blood pressure variability as an index of sympathetic activity.
The simultaneous application of the two stressors (HUT + MA) resulted in further increase in heart rate (mean RR decreased) and mean SBP. However, no effect of MA during HUT was observed on the coupling strengths assessed in any domain. We assume that the HUT alone was strong enough to focus baroreflex control mechanisms to maintain blood pressure, while the simultaneous administration of MA had no further influence on this phenomenon.
Comparison with traditional measures of cardiovascular variability
Our results could be applied to improve the interpretation of the frequency domain measures of heart rate and blood pressure variability. Our frequency domain analysis limited to the low-frequency band indicates that during various autonomic nervous system states the contribution of feedback and feedforward mechanisms to the origin of SBP and RR interval oscillations markedly varies. We suggest that such a variability could be one of the sources of the often difficult physiological interpretation of the magnitude of low-frequency RR and SBP oscillations (spectral powers in LF band) [17] . In our study, HUT was accompanied by an increase in the magnitude of SBP compared to the supine position, but we did not find any significant change in the overall magnitude of RR variability during our experimental protocol. Since the feedforward influence was comparable during HUT and supine position, we conclude that an increase in BPV magnitude was related to an increase of sympathetic outflow to the vessels. Such an increase is visible in the larger variability of SBP during HUT and is also reflected in the higher strength of the causal coupling from SBP to RR. While the increase in coupling is particularly evident for the frequency domain causality measure that looks selectively at the LF band (Fig. 3) , it is also detected by the time and information domain measures (Figs. 2, 4) , which are likely sensing the higher LF synchronization induced by HUT. The present study suggests also that the analysis of causal coupling along the baroreflex pathway is complementary to the evaluation of the baroreflex sensitivity. Our results indicate indeed a different response to the orthostatic stress of the measures of causal coherence and gain assessed in the LF band, with the former increasing significantly (Fig. 3) and the latter showing a tendency to decrease or remaining unchanged (Fig. 5) . This different outcome arises from the different nature of the indexes: The causal coupling from SBP to RR is an adimensional index measuring the degree of involvement of the baroreflex in generating the variability of heart rate, while the BRS index quantifies the magnitude (usually expressed in ms/mmHg) of the reflex RR response to SBP changes. The opposite variations of causality and gain indexes in response to the change of posture observed in this study agree with previous findings obtained in healthy subjects either using the same frequency domain measures [10] or using coupling and gain measures assessed in different domains [14] . Moreover, also the observations that BRS estimates obtained by a non-causal spectral method decrease significantly with HUT, and are otherwise left unaltered by tilt if assessed through causal approaches, are consistent with previous findings [10, 22] . The main reason for this different behavior is that the non-causal BRS TF estimates tend to mix up baroreflex feedback effects with non-baroreflex feedforward influences and are therefore affected by autonomic states in which the reciprocal activity along these two pathways is altered, as is the case of HUT [10] . Moreover, another confounding role may be played by respiration, which is known to inflate non-causal BRS estimates through cardiopulmonary reflexes which result mixed up with the net arterial component of the baroreflex [22, 30] .
Clinical implications
A decreased baroreflex sensitivity (BRS) was observed in a lot of pathological conditions as one of the features of cardiovascular system dysregulation [19] . Nevertheless, it was shown recently that the classical approaches to analyze BRS ignore important feedforward influences, whereby the cardiac cycle length influences blood pressure values in subsequent heart beats. Therefore, new approaches based on the notion of Granger causality [42] were recently proposed to analyze separately feedback (baroreflex) and feedforward interactions between BP and HR signals aimed to refine BRS analysis [32] . However, the relative contribution of both causal directions during various physiological states is mostly unknown.
Though performed in healthy subjects, the present study has shown that different autonomic states may be associated with markedly different patterns of causal interaction between the spontaneous variability of RR and SBP, and this may have a big impact on the evaluation of BRS estimates. In particular, the presence and changes of feedforward influences can markedly distort the quantification of BRS using traditional non-causal approach. Given the significant and state-dependent feedforward influence detected in our study using both frequency and information domain causal analysis of SBP/ RR intervals interactions, we recommend to prefer causal BRS analysis to non-causal approaches as a methodologically more appropriate approach to assess the baroreflex function.
It is worth noting that the clinical value of spontaneous estimates of baroreflex activity has been demonstrated for various BRS measures quantified as the gain of the transfer function from SBP to RR [19, 29] . As we have also shown in the present study, these metrics are completely different compared to causality indexes and may also display highly different behavior in response to changes of physiological states. This suggests that, while causality measures may be of high clinical impact as they integrate standard BRS measures, such an impact needs to be assessed by proper clinical studies addressing specific autonomic disorders.
Study limitations
The major limitation of the present study is that respiration data were not recorded. It is well known that respiration affects cardiovascular variability [39, 40] also during stressors like HUT and MA [12, 41] and that causality between RR and SBP may be influenced by the concomitant effect of respiration on RR and SBP [31] . One of the methods for causality analysis used in our study-i.e., the frequency domain approach-minimized the effects of respiration as the relevant analysis is confined within the low-frequency band where the effect of respiration is only very limited. The two other approaches working in time and information domains provide "overall" causality measures that are sensitive to the stronger variations in amplitude of the observed time series. When these stronger variations occur in the low-frequency band of the spectrum, as is the case for the orthostatic stressor, respiratory-related effects are expected to have little influence to the causality analysis. When, on the contrary, strong respiratory-related effects on RR and/or SBP are expected, as may be the case for mental stress [41] , the results may be more affected by the respiratory confound. These interpretations were confirmed by our results in terms of similar response to HUT, and different response to MA, of the three considered causality approaches. In the light of these considerations, future studies are needed which face the assessment of causality in cardiovascular and cardiorespiratory variability after including respiration in the acquisition protocol or deriving its variability series from the ECG signal.
Conclusion
We conclude that, since the proportion of causal interactions between SBP and RR varies during different physiological conditions, causality analysis of cardiovascular variability is an important tool for the proper assessment of the related control mechanisms, which provides different information than more traditional analyses assessing heart rate variability or baroreflex sensitivity. Passive orthostasis is accompanied by a dominance of the feedback baroreflex mechanism over feedforward mechanisms transferring heart rate to blood pressure that dominate instead during supine rest. On the contrary, a dominance of the baroreflex control is not revealed during the stress induced by mental arithmetics.
